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ABSTRACT 
 
As the first practical cytoplasmic male sterility (cms) system used in hybrid seed production, 
the first molecularly characterized cms gene and the first cms system for which a restorer 
was cloned, cms-T and its restorer system have been intensively studied since their 
identification. The accumulated knowledge on the cms-T system mainly includes: i) The 
sterility-causing TURF13 protein is associated with mitochondrial inner membrane. ii) Both 
functional alleles of the rf1 and rf2a restorer genes are required to counteract the TURF13’s 
effect and to restore fertility. iii) rf2a encodes a mitochondrial aldehyde dehydrogenase 
(ALDH) that is required for fertility restoration.  iv) rf1 interferes with the expression of the 
T-urf13 gene, and the profile leads to a reduction in the accumulation of TURF13 protein. 
However, the mechanism that underlies how the mitochondrial TURF13 protein disrupts 
microspore development and how nuclear restorer genes restore the fertility is not fully 
understood. 
 
This dissertation is aimed at a better understanding of underlying pathways for fertility 
restoration and anther development: i) We used global transcriptome profiling to analyze 
gene expression in the tapetum, where the action of cms-T and the restoration take place. 
Prior studies have not been able to focus on this critical single cell layer and all the related 
data have been based on transcript analysis in either vegetative tissues or mixed reproductive 
tissues. Our study was able to reveal differentially expressed genes in the tapetal cells of cms 
plants versus restored plants. ii) We detected mitochondrial transcripts in our expression 
profiling analysis and our results suggest that the rf2a nuclear gene affects the stability of T-
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urf13 transcripts. iii) We used both forward and reverse genetic approaches to analyze the rso 
gene, a enhancer of rf2a. Both functional alleles of rf2a and rso are required for normal 
anther development. Our results establish that rso encodes a maize homologue of mammalian 
bax inhibitor I that is involved in mitochondrial-mediated programmed cell death (PCD).  
 
In the end, we propose an integrated working hypothesis on the pathways involved in rf2a-
mediated fertility restoration in cms-T and in normal anther development. 
 
 
1 
CHAPTER 1.  GENERAL INTRODUCTION 
 
SIGNIFICANCE AND RATIONALE 
Cytoplasmic male sterility (cms) is a maternally inherited genetic defect that causes the 
failure of microspore production or the restriction of pollen dispersion. Over 140 plant 
species exhibit cms (Laser and Lersten, 1972; Schnable and Wise, 1998).  Novel 
mitochondrial open reading frames (ORFs) are usually the causal factor of cms; while the 
deleterious effects caused by these novel mitochondrial ORFs are ameliorated by nuclear-
encoded restorer genes. cms and their restorer genes play an important role in hybrid seed 
production in US and around the world and have been intensively investigated over the last 
half-century. Two center questions remain un-answered: i) How do the mitochondrial cms 
genes affect pollen development, and ii) How does the interaction between restore genes and 
the cms genes rescue fertility.  In this dissertation we used genetic, reverse genetic and 
genomic approaches to explore these two aspects through the study of rf2a-meditated fertility 
restoration and anther development.   
 
DISSERTATION ORGANIZATION 
This dissertation is divided into four chapters and one appendix.  Chapter 1 is a general 
introduction to cms/restorer of fertility system.   
 
Chapter 2 is a manuscript that describes global analysis of the tapetal transcriptome during 
rf2a-mediated fertility restoration. All experiments were performed by Jun Cao. Statistical 
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analyses of microarray data and 454 data were performed by Scott Emrich and Pengcheng 
Lu. 
 
Chapter 3 is a manuscript that describes the characterization and cloning of the rso gene, an 
enhancer of rf2a. Xiangqin Cui conducted the isolation of the rso-ref allele. Feng Liu 
conducted the EMS mutant screening. The rest of the genetic and molecular experiments 
were performed by Jun Cao. Microscopy work was performed by Marianne Smith. Statistical 
analysis of microarray data was performed by Pengcheng Lu. 
 
Chapter 4 contains a general summary and conclusions.  
 
The appendix describes using reverse genetic approach to analyze the cinnamyl-alcohol 
dehydrogenase gene in maize. All genetic and molecular experiments were performed by Jun 
Cao. 
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INTRODUCTION 
Cytoplasmic male sterility (cms) is a wide spread phenomenon in the plant kingdom. It has 
been reported in more than 140 plant species (Laser and Lersten, 1972; Schnable and Wise, 
1998).  In cms, maternally inherited genetic defects cause the failure of microspore 
production or the restriction of pollen dispersion. In many cases, nuclear-encoded restorer 
genes restore fertility of cms plants. cms and its restoration systems play an important role in 
hybrid seed production in US and around the world. Even though intensively studied since its 
discovery in 1930’s (Rogers and Edwardson, 1952), two of the most interesting and 
intriguing aspects of cms are still not understood and invite further studies. The first is the 
involvement of mitochondrial genome products in microspore development. In all 
molecularly characterized cms cases, mitochondrial lesions are responsible for failure of 
microspore production.  The second is the interaction between nuclear genome and 
mitochondrial genomes that results in fertility restoration.   
 
Although there has been some recent exciting progress in understanding the nature of nuclear 
restorer genes, the exact pathways where by mitochondrial genome products are involved in 
the microspore development and the restoration mechanisms of nuclear-organelle gene 
interaction are not fully understood. Many excellent reviews have been published on this 
topic (Chase, 2007; Hanson and Bentolila, 2004; Wise et al., 1999; Laughnan and Gabay-
Laughnan, 1983). As an introduction to my dissertation, I will review the accumulated the 
knowledge related to the two aspects of cms mentioned above and provide a background for 
the later chapters where I will address approaches we took and conclusions we drew on these 
aspects. 
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Mitochondria and cms genes 
It is commonly accepted that mitochondria arose from an endosymbiotic event during 
eukaryotic evolution. As the energy converting organelles of eukaryotic cells, mitochondria 
contain their own vestigial proteobactorium DNA, which contains genes mostly encoding 
proteins involved in essential survival function such as respiration, oxidative phosphorylation 
and protein synthesis. Plants have larger and more complex mitochondrial genomes than do 
of mammals and fungi (Fauron et al., 1995), Sequenced mitochondrial genome of Zea mays 
(Clifton et al., 2004) and Arabidipsis thaliana (Unseld et al., 1995) disclose a size of 570 kb 
(containing 58 genes) and 367 kb (containing 57 genes), respectively. While Homo sapiens 
and Saccharomyces cerevisiae mitochondria have a smaller size of 16.6 kb (containing 37 
genes) and 85.8 kb (containing 56 genes), respectively (Anderson et al., 1981; Chase, 2007). 
These size differences reflect the non-proportional expansion of plant mitochondrial non-
coding sequences, which maybe a result of an active recombination system in plant 
mitochondria (Knoop, 2004 and Chase, 2007). A close examination of the sequenced maize 
NB (the second type of maize normal cytoplasm) mitochondrial genome revels genes 
encoding 33 known proteins, 3 ribosomal RNAs and 21 tRNAs  (Clifton et al., 2004). A 
small collection of sequenced plant mitochondria genomes share similar gene composition 
with less than 60 known genes that are comparable to the composition of mammal and fungi 
mitochondrial genomes. 
 
Mitochondrial putative gene regions are usually assigned names according to their open 
reading frames (ORFs) which are defined as containing 100 or more codons. In all 
molecularly characterized cases of cms, the cms determinants are mitochondrial loci 
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associated with extra novel nonessential ORFs as compared to the normal type mitochondria 
as summarized in Table 1. The first identified cms gene, T-urf13 of cms-T maize, encodes 
the 13kD TURF13 protein (Wise et al., 1987). This protein is responsible for both the male 
sterility and the susceptibility of cms-T maize to pathotoxins from two fungal pathogens 
(Pring and Lonsdale, 1989; Levings and Siedow, 1992), Phyllosticta maydis and Bipolaris 
maydis race T, which caused an epidemic in the United States maize production in late 
1970’s. In the case of male sterility, the TURF13 protein disrupts mitochondrial function and 
leads to the failure of microspore development. T-urf13 is thought to have arisen via intra-
genomic recombination between unknown sequence sources and known protein coding 
sequences. Driven by a promoter in a T-specific 5-kb repeat region, T-urf13 is co-transcribed 
with orf221 (Wise et al., 1999), a F0F1-ATPase subunit (Heazlewood et al., 2003). T-urf13 
contains sequences of the mitochondrial 26S rRNA gene region and sequence of unknown 
origin (Dewey et al., 1986; Wise et al., 1987). All known mitochondrial cms genes share 
similar novel chimeric structures. Characteristics of major cms gene are listed in the Table 1. 
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Several features stand out when summarizing the 12 characterized cms genes (Hanson and 
Bentolila, 2004). The most evident feature is the involvement of ATP synthase subunit 
sequences in cms genes. 11 out of the 12 cms genes contain sequences of ATP synthase-
related origin (Table 1). Considering the low frequency of ATP synthase subunit (atp) 
sequences in the mitochondrial genome, e.g. out of 58 identified genes in the maize NB 
mitochondrial genome only 6 code for ATP synthase subunits, the predominant presence of 
atp-related sequences in cms genes is unlikely have arisen via random recombination.  Even 
so the roles of ATP synthase subunits in cms genes remains a mystery. Similarly, cytochrome 
oxidase subunits (cox) are also frequently associated with cms genes. Another cms feature is 
the presence of sequences of unknown origin in all cases of characterized cms genes. They 
do not share significant similarity with any plant nuclear or chloroplast genomes. A possible 
explanation is that they are ancestral flanking sequences of the building blocks of chimeric 
cms and their sequence similarity to their ancestors has been reduced to below detectable 
threshold after extensive recombination and mutations within these flanking sequences. It is 
also noticed that these cms causal chimeric ORFs usually produce peptide containing 
membrane-spanning regions (i.e., ATP synthase). 
 
How the different cms genes evolved into similar chimeric structure is another mystery. The 
selection of energy production enzymes such as ATPase and cytochrome oxidase subunits 
fragments in cms genes would be a good example of how new sequences with novel function 
are evolved. However, it is also possible that there are other unidentified types of cms genes. 
The current method used to identify cms genes could have been biased towards isolating 
certain types of cms that share similar structures. Advances in our sequencing capacity have 
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provide an opportunity to sequence additional mitochondrial genomes in a high throughput 
fashion, which will help us to accumulate data on mitochondrial genome diversity and 
organization and to identify additional cms genes. In my dissertation I will address one of the 
promising tools to analyze the mitochondrial transcriptome. 
 
Nuclear restorer genes 
As the powerhouse of the cell, mitochondrial proteins encoded by its own genome have to be 
in coordinated control with other cellular processes. The fact that the mitochondria genome 
does not encode its own transcription regulation machinery suggests that nuclear-encoded 
genes are responsible for the transcriptional regulation of mitochondrial genome. About 10% 
to 15% of eukaryotic nuclear-encoded proteins are targeted to mitochondria (Neupert and 
Herrmann, 2007). Many factors regulating transcription or post-transcriptional processes 
have been shown to be transported into mitochondria and to regulate various functions (Fox 
et al., 1988; Berdanier, 2006; Hochholdinger et al., 2004). One can readily hypothesize 
nuclear restorer genes belong to this category.  
 
With one exception, the rf2a gene of maize cms-T, all cloned restorer genes encode 
pentatricopeptide-repeat (PPR) proteins (Chase, 2007; Kazama and Toriyama, 2003; Brown 
et al., 2003; Koizuka et al., 2003; Komori et al., 2004).  The PPR motif-containing protein 
family is a recently recognized protein family that participates in the regulation of organelle 
gene expression. The PPR motif consist of tandem repeats of a degenerated 35-amino acid 
repeat motif. PPR proteins are wide spread in the plant genomes but are much less frequent 
in animal and fungal genomes. The sequenced Arabidopsis and rice genomes contain several 
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hundred PPR proteins while mammalian and yeast genomes contain only a handful of PPR 
proteins (Chase, 2007). PPR proteins are related to tetratricopeptide repeat (TPR) proteins 
and were predicted to have DNA and protein binding function. The majority of PPR proteins 
are predicted to be targeted to organelles.  
 
The function of a PPR protein’s function was first analyzed in yeast. It was shown to 
promote translation of mitochondrial cytochrome c oxidase subunit I (COX1) (Manthey and 
McEwen, 1995). Later studies have suggested that PPR proteins involve other aspects of 
RNA metabolism including RNA processing, translation regulation and RNA editing. In the 
cases of cloned restorer genes that encode PPR protein, restoration is correlated with a 
reduction of cms protein accumulation. Endonucleolytic cleavage and degradation of cms 
genes have also been implied as restoration function (Wang et al, 2006). The restorer loci of 
cms usually contain more than one PPR protein and complex epistatic interactions among 
these proteins have been suggested. 
 
Although the function of PPR protein-encoding cms restorer genes has been suggested by 
examining the processed products of plants carrying natural or transgenic restorer genes 
(Desloire et al., 2003, Hanson and Bentolila, 2004, Wang et al., 2006), direct isolation of 
restorer gene encoded PPR proteins and their in vitro activity analysis have not been 
preformed in any cases. The precise mechanism of the interaction between PPR proteins and 
their target RNAs is unclear. It is possible that PPR-encoding restorer genes are only part of 
large complex that in charge of RNA metabolism. A recently study also suggested the 
existence of such complex (Gillman et al., 2007). Similar complexes were recently identified 
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in yeast, flies and human as exosome, a RNA quality control machinery in charge of RNA 
processing, maturation and degradation, which is strikingly similar to the speculated function 
of PPR-protein encoding restorer genes (Houseley et al., 2006; Büttner et al., 2006). 
 
Evolutional aspects of cms and nuclear restorer interaction 
From an evolutionary point of view, about 85% of angiosperms are hermaphrodites and 
inbreeding occurs predominately (Kaul, 1988). Inbreeding permits maximal genome 
transmission but limits recombination and thus limits adaptability. Angiosperms developed 
additional forms of sexual expression to encourage out-breeding.  
 
A population can be monoecious, which means the population has both individuals with male 
flowers and individuals with female flowers, or gynomonoecious, which means the 
population has hermaphroditic individuals and individuals with female (male sterile) flowers, 
or andromonoecious, which means the population has hermaphrodite individuals and 
individuals with male (female sterile) flowers. Andromonoecy occurs much less often than 
gynomonoecy because of the unidirectional nature of pollen transmission. 
 
In some cases, male sterile plants may obtain an advantage in female productivity and/or 
overall vigor by eliminating or reducing the need to allocate resources into developing male 
tissue (Thompson and Tarayre, 2000). But in well-studied cms cases as listed in Table I, such 
advantages have not been reported; rather, sometimes cms has subtle deleterious effects on 
vegetative tissues and reduce the plant’s overall vigor, e.g. cms-T plants have 2-3% reduction 
in vegetative growth and grain yield as compared to normal cytoplasm plants (Duvick, 1965). 
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The second advantage that male sterile plants might have gained during evolution is that the 
cms genes may induce stress response processes in both vegetative and reproductive tissues 
and prepare plants carrying cms genes for the stressed condition as compared to plants 
carrying normal cytoplasm.  
 
At the same time, the emergence of mitochondrial-encoded cms genes causes limited 
transmission of the nuclear genome and the latter responds by adapting nuclear restorer genes 
to negate this limitation. Evolutional balance between inbreeding, which favors genetic 
stability, and out-breeding, which favors genetic adaptability, becomes a dynamic balance 
between mitochondrial cms genes and nuclear restorer genes. In a sense, it becomes 
competition between mitochondrial cms genes and nuclear restorer genes. 
 
Maize cms-T system 
Maize has five major distinct types of cytoplasms based on the mitochondrial genomes they 
carry: two normal male-fertile cytoplasms, NA and NB and three male-sterile cytoplasms, 
cms-S, cms-C and cms-T. (Allen et al., 2007). The three types of the male-sterile cytoplasms 
are distinguished by the different nuclear restorer genes that suppress their associated male 
sterile phenotypes as listed in Table 1.  
 
By definition, cms-T maize fertility is restored by the combined action of two nuclear genes, 
Rf1 and Rf2a. Fertility restoration occurs in a sporophytic manner, the genotype of 
sporophytic anther determines the fertility of pollen. Plants with both functional alleles of 
restorer genes produce normal pollen (Schnable and Wise, 1998).  
12 
  
 
Although the Rf1 gene has not been cloned, its function has been under intensive study for 
decades. It is known that Rf1 alters the expression of T-urf13 by altering the transcriptional 
profile and causing the reduction of TURF13 protein abundance by 80% (Wise et al., 1996). 
Two additional genes, Rf8 and Rf* have been identified to be able to partially substitute for 
Rf1. In Rf1 and Rf8 restored plants, the normal T-urf13 transcripts accumulate similarly to 
that in unrestored plants (Dill et al., 1997). With the cloning of PPR protein-encoding 
restorer gene in other species, it is likely that maize Rf1 might also encode a PPR protein 
because maize Rf1 shares similar restoration scheme with other cloned PPR encoding 
restorers. 
 
rf2a was cloned by using a transposon-tagging strategy (Cui et al., 1996). Surprisingly, it 
encodes a well-known metabolic enzyme, an aldehyde dehydrogenase targeted to 
mitochondria. The maize RF2A protein shares 60% identity and 75% similarity to 
mammalian class II mitochondrial aldehyde dehydrogenases (mtALDH).  It has been shown 
to contain acetaldehyde and glycolaldehye dehydrogenase activities (Liu, et al., 2002).  
ALDHs are a large family of NADH+-dependent enzymes that catalyze the oxidation of a 
board spectrum of aldehyde substrates into their corresponding acids (Yoshida et al., 1998; 
Kirch et al., 2004). They oxidize various exogenous and endogenous toxic aldehydes, which 
are produced in various biochemical processes, including fermentation, amino acid 
metabolism, carbohydrate metabolism and lipid metabolism (Schauenstein et al., 1977; 
Tadege and Kuhlemeier, 1997; Tadege et al., 1999; Mellema et al., 2002). The physiological 
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substrates and pathways that RF2A involves the fertility restoration have not been 
determined.  
 
Recently research has also related ALDH in cleaning up the aldehydes produced as the result 
of membrane peroxidation induced by reactive oxygen species (ROS) during oxidative stress. 
cms caused mitochondrial metabolism crisis has the potential to generate excess ROS and 
induce mitochondrial membrane peroxidation. This leads to the hypothesis that RF2A may 
function as a restorer by removing toxic aldehydes (Liu et al., 2002). Although RF2A’s 
ALDH activity has been show to required for its restorer function, RF2A protein also has 
esterase activity and it has not been excluded that the esterase activity is involved in restorer 
function (Liu et al., 2001, 2002). Furthermore, a few metabolic enzymes have been 
demonstrated to share transcriptional factor activities (Hall, et al 2004; Zheng et al., 2003). 
Therefore, there are still other possible pathways that rf2a could restore fertility to cms-T. 
 
Rf2a has been known as “metabolic restorer”, as compared to other PPR protein-coding 
“expression restorer”. It has been shown that rf2a dose not affect the expression of T-urf13 
gene. Both the transcripts of T-urf13 and TURF13 protein have been shown not affected by 
the nuclear rf2 gene status (Dewey et al., 1987; Kennell et al., 1987). However, in the 
experiments cited above, only the RNA or the protein extracted from seedling tissues was 
tested. Considering that the restoration events happen in reproductive tissue, especially in 
anther tissue, it is not possible to rule out the possibility that rf2a can affect mitochondrial 
transcription or transcript accumulation in a tissue-specific manner. This is especially true 
considering that while T-urf13 expresses in many maize tissue, it only causes deleterious 
14 
  
effect in anther tissue. The tissue-specific action of cms genes and restorer genes must be 
considered.  Either directly or indirectly, a metabolic enzyme such as RF2A could affect the 
status of RNA metabolism machinery and gene expression patterns. In chapter 2 of my 
dissertation I will address our observation that the stability of the mitochondrial transcripts 
are affected by rf2a in tapetum transcriptome analysis and our hypothesis on the possible 
pathways that could account for such regulation. 
 
Anther development and tapetum programmed cell death (PCD) 
The tapetum is the innermost cell layer of an anther. As the sporophytic tissue that directly 
contacts the developing microspores, the secretory tapetum provides nutrition for the 
developing microspores. The tapetum is degenerated at the late microspore stages in normal 
anther development. The degeneration of tapetum occurs earlier in the cms-T plants and it 
was know this premature degeneration of tapetum leads to male sterility (Warmke and Lee, 
1977). The degeneration of the tapetum is a controlled process and is synchronized with 
pollen maturation. It has been shown that this physiological process is programmed cell death 
(PCD) (Papini et al., 1999; Cheung and Wu, 2000; Balk and Leaver, 2001). The stages of the 
normal anther development and stages of the cms-T anther development are illustrated as in 
Figure 1 (Wise et al., 1999).  
15 
  
 
Figure 1. Scheme showing stages of tapetum and developing male cells during maize anther 
development including seven stages of microsporogenesis (1-7) and three stages of 
microgametogenesis (8-10). Cell death processes that lead to degradation of the tapetum are 
highlighted in color. 
 
How the TURF13 protein causes the premature degeneration of the tapetum in cms-T anthers 
is not known. Studies suggest that energy production pathways in mitochondria might be 
involved in this process. The tapetum has critical role in microsporogenesis suggested by the 
observation that the tapetal cells have very condensed cytoplasmic contents under light 
microscopy examination and contain about two times more mitochondria as compared to 
sporogenous cells and about 40 times as compared to most maize somatic cells, and their 
number increases dramatically during anther development (Nakashima, 1974; Warmke and 
lee, 1977). One hypothesis suggests that the tapetum could be more vulnerable to energy 
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crisis caused by mitochondrial malfunction than other maize tissues (reviewed by Wise et al., 
1999).  
 
Another hypothesis suggests an unknown “Factor X” which is specific (Flavell, 1974) to 
anther tissue and interacts with TURF13 and disrupts mitochondrial function. This 
hypothesis is based on the studies on fungal toxin, T-toxin. It has been suggested that T-toxin 
binds to TURF13 forming pore-forming structures and causes permeability transition of 
mitochondrial membranes (Korth et al., 1991). However, these two hypotheses might not 
mutually exclusive. It is also possible that the combined effects of “Factor X” and energy 
production crisis in the mitochondria cause sterility. 
 
A simplified speculation of the mitochondrial disruption in cms starts with the high 
metabolic rate in reproductive tissue, especially in anthers, which overloads the electron 
transport chain in mitochondria and generates excessive reduced redox components. Then the 
unbalanced redox components trigger the production of reactive oxygen species (ROS) (Lin 
et al., 2006) via pathways including lipid peroxidation (Priault et al., 2002). ROS then 
initiates the cascade reactions including interacting with DNA, proteins, most importantly, 
interacting with phospholipids and thus impairing the membrane integrity of mitochondria. 
Various aldehydes are classified as ROS. The metabolic restorer gene (rf2a) has been 
hypothesized to rescue the developing anther tissue by removing toxic aldehydes (Liu et al., 
2001). Recent studies suggest it is a complex and precisely controlled programmed cell death 
(PCD) (Balk and Leaver, 2001). 
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PCD plays important role in regulating plant development and plant’s interaction with its 
environment. As the most complex development processes in plant, plant reproductive 
development is highly coordinated in both time and space. Interruption of this coordination 
usually causes sterility. Early or delayed PCD has been shown to cause abnormal 
development and result in sterility (Vizcay-Barrena and Wilson, 2006; Varnier et al., 2005). 
Failure of PCD by knocking out key compartment of PCD also causes sterility in transgenic 
plants (Kawanabe et al., 2006).  
 
Evidence is emerging to indicate that mitochondria is both a command and executing center 
in PCD (Reed, 2002; Reed et al., 2004).  Mitochondrial permeability transition pore (MPTP) 
(Forte et al., 2005) opening has been considered as the common pathway for PCD (Saviani et 
al., 2002; Zamzami et al., 2005). In yeast and mammalian cells, pro-apoptosis BCL-2 family 
proteins play key role in mitochondrial mediated PCD. One of the BCL-2 protein, BAX, 
forms membrane spanning monomers to permeabilize mitochondrial outer membrane (Annis 
et al., 2005).  Although up to now, no BCL-2 family proteins have been identified in plants, 
the intriguing similarity between the pore forming property of BCL-2 family proteins and the 
typical cms causing peptide encoded by chimeric cms genes (e.g. the T-URF13 in cms-T) 
favors the hypothesis that a BAX-like “Factor X” interacts with the TURF13 and causes 
MPTP and consequently PCD. Interestingly, another possible link between cms genes and 
mitochondrial-mediated PCD is suggested by the study showing at the mitochondrial F0F1-
ATPase proton pump is required in BAX-induced PCD in yeast and mammalian cells 
(Matsuyama et al., 1998). The F0F1-ATPase subunit has been identified in several cms 
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chimeric ORFs or cms co-transcribed ORFs including cases in Radish Ogura-type cms and 
maize cms-T. 
 
It is very attempting to hypothesize that at least in some cases, the MPTPs induced by 
TURF13 peptide, along with other pro-apoptosis proteins, leads to the disruption of 
mitochondrial function and PCD and eventually causes the failure of pollen development. In 
the chapter 3 of my dissertation I will describe the characterization of a Bax inhibitor I gene 
(a suppressor of Bax-induced PCD)(Xu and Reed, 1998; Baek et al., 2004), which is 
involved in rf2a-mediated male fertility restoration and anther development. 
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CHAPTER 2. RF2A-MEDIATED FERTILITY RESTORATION OF CMS-T 
MAIZE IS ASSOCIATED WITH CHANGES IN THE EXPRESSION OF  
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ABSTRACT 
Cytoplasmic male sterility (cms) is a maternally inherited genetic defect that causes the 
failure of microspore production or the restriction of pollen dispersal. In all characterized 
cases for which a molecular basis has been established the cms determinants are 
mitochondrial-coded abnormal nonessential ORFs. Nuclear-coded restorer genes can 
restore fertility to many cms systems. In several of the cms systems, restoration occurs 
via the action of pentatricopeptide repeat (PPR) proteins that alter the transcription of the 
abnormal mitochondrial cms genes. Male-sterile T-cytoplasm (cms-T) maize lines 
accumulate abnormal mitochondrial-encoded TURF13 protein that induces premature 
tapetal cell degeneration and blocks pollen development. One of the two restorers of cms-
T, the rf2a gene, does not encode a PPR protein; instead it encodes a mitochondrial 
aldehyde dehydrogenase. Hence, rf2a restores fertility via a novel non-PPR pathway.  
 
As a step towards identifying this novel restoration pathway, global gene expression 
patterns of laser-capture microdissected tapetal cells from T-cytoplasm plants that were 
unrestored (male sterile) or restored (fertile) via the action of Rf2a were assayed using 
both cDNA microarrays and 454 transcriptome sequencing. These assays revealed that a 
substantial quantity of the differentially regulated genes are involved in stress-, defense- 
and programmed cell death (PCD)-related pathway suggesting a role of PCD in rf2a-
mediated fertility restoration. 454 sequencing of the tapetal transcriptome also indicates 
that the degradation of transcripts from the mitochondrial T-urf13 gene is affected by the 
nuclear rf2a gene. 
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INTRODUCTION 
Cytoplasmic male sterility (cms) has been reported in more than 150 plant species (Laser 
and Lersten, 1972).  In cms, maternally inherited genetic defects cause the failure of 
microspore production or the restriction of pollen dispersal. In many cases, nuclear-
encoded restorer genes restore fertility to cms plant. cms and its restorer gene systems 
play an important role in hybrid seeds production in US and around the world.  
 
cms-T maize fertility is restored by the combined action of two nuclear genes, rf1 and 
rf2a. Fertility restoration occurs in a sporophytic manner, i.e., the genotype of the anther 
tissue determines the fertility of pollen. Plants with functional alleles of both restorer 
genes will produce normal pollen (reviewed by Wise et al, 1999). Although Rf1 has not 
been cloned, it is possible that the maize Rf1 might encode a PPR protein because it alters 
the transcriptional profile of T-urf13 and reduces the accumulation of TURF13 by 80% 
sharing the similar restoration scheme with other cloned PPR protein-encoding restorers.  
 
In contrast, the rf2a gene does not encode a PPR protein. Hence, rf2a restores fertility via 
a novel non-PPR pathway. The rf2a nuclear gene encodes an aldehyde dehydrogenase 
targeted to mitochondria (Cui et al., 1996; Liu, et al., 2002).  ALDHs are a large family 
of NADH+-dependent enzymes that catalyze the oxidation of a broad spectrum of 
aldehyde substrates into their corresponding acids (Yoshida et al., 1998) produced in 
various biochemical processes, including fermentation, amino acid metabolism, 
carbohydrate metabolism and lipid metabolism (Schauenstein et al., 1977; Tadege and 
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Kuhlemeier, 1997; Tadege et al., 1999). The physiologically relevant substrate of RF2A 
and the biochemical pathways involved in fertility restoration have not been determined.  
 
The tapetum is the innermost cell layer of anthers. As the sporophytic tissue closest to the 
developing microspores, the secretory tapetum provides nutrition for developing 
microspore, but it degrades in later stages of microspore development. The degeneration 
of tapetum is a controlled process and is synchronized with pollen maturation. It has been 
shown that this physiological process is programmed cell death (PCD). (Papini et al,. 
1999; Cheung and Wu, 2000;  Balk and Leaver, 2001; Varnier et al., 2005). Sterility 
often occurs as a result of alternation in the timing of this process (Warmke and Lee, 
1977; Kawanabe et al., 2006). Indeed, in cms-T plants, sterility occurs as a result of 
premature degeneration of the tapetum. 
 
Hence, the molecular mechanisms underlying the degeneration of tapetum is likely to be 
a key to understanding cms-T and its restoration. PCD has been shown to be involved in 
the normal degeneration of tapetum in Arabidopsis, sunflower and other angiosperms 
(Papini et al., 1999; Cheung and Wu, 2000; Balk and Leaver, 2001). Early, delayed or 
failure of PCD causes abnormal development and result in sterility in Arabidopsis and 
lily (Vizcay-Barrena and Wilson, 2006; Varnier et al., 2005; Kawanabe et al., 2006).  
 
Global gene expression analyses of anther development and male sterility related 
expression studies have been conducted in several plant species (Endo, et al., 2002; 
Mandaokar et al., 2003; Lan et al., 2005; Wang et al., 2005; Oshino et al., 2007; Skibbe 
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et al., 2006). All of these prior studies used mixed tissue samples consisting of either 
whole flowers or whole anthers. As a consequence, cell type-specific gene expression is 
diluted in the mixed tissue analysis which might also causes the failure to detect or failure 
to assign statistical significance to genes that are differentially expressed in a cell type 
specific manner.  However, analysis of direct tapetal-specific transcripts has not been 
performed previously due to difficulty in specifically isolating adequate tapetal cell at the 
desired stages of development.  
 
As a step towards understanding general molecular mechanisms underlying the 
degeneration of the tapetum and cms-T restoration, we have used laser-capture 
microdissection (LCM) (Nakazono, et al., 2003) to collect specifically tapetal cells from 
T-cytoplasm and normal cytoplasm plants carrying wild type or mutant rf2a alleles. Both 
cDNA microarray and 454 transcriptome sequencing (Margulies et al., 2005; Emrich et 
al., 2007) were used to assay global gene expression patterns in tapetal cells. The cDNA 
microarray hybridizations provide high statistical power while 454 transcriptome 
sequencing provides deep sampling power for identifying genes not printed on the 
microarray. Hence, the two methods are complementary in that in combination they can 
provide higher sensitivity and specificity as compared to either method alone.  
 
MATERIALS AND METHODS 
Plant materials and growth conditions 
All maize (Zea mays L.) inbred lines used in this study including: N- and T-cytoplasm 
versions of Ky21, and N- and T-cytoplasm version of Ky21 carrying the transposon 
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insertion allele rf2a-m8904 (following 12 and 10 generation of backcrossing, 
respectively) (Cui et al, 1996) were maintained by the Schnable Lab.  Anther samples 
used were collected from plants (rows 04-1167-96 and 04-2536-2540) grown during the 
summer of 2004 at the Curtiss Research Farm in Ames, IA. 
 
Collecting tapetal cells with LCM 
The tassels estimated to be at desired stage of development were collected from the field 
each day between 10 am to 11 am and immediately placed in ice-cold fixation buffer (3 
ethanol : 1 glacial acetic acid) and transported to the laboratory. Dissection, sorting and 
stage determination were carried out within 6 hours of collection. One anther from each 
lower floret was squashed and staged using a compound microscope, and the two 
remaining anthers from the lower floret were fixed according to procedure as described 
(Nakazono, et al., 2003) with some modification as described in 
(http://schnablelab.plantgenomics.iastate.edu/docs/resources/protocols/pdf/Cryosectionin
g_for_LCM.2007.04.01.pdf.) 
 
The PALM MicroBeam System (115v Z, P.A.L.M. Microlaser Technologies, Bernried, 
Germany) was used to isolate maize tapetal cells via LCM. Tissue sections were kept in 
100% xylene prior to LCM. Cells were captured from 10 um sections. 
 
Tapetal cell RNA isolation and amplification  
Collected tapetal cells were transferred into the Extraction Buffer of the PicoPure RNA 
Isolation Kit (Arcturus, Mountain View, CA, USA), RNA were extracted and amplified 
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according to manufacturer’s instructions. RNA samples were treated with RNAase-free 
DNase I (Stratagene, La Jolla, CA, USA) while on the column using the DNase 
Incubation Buffer provided with the PALM RNA Extraction Kit. The same batches of 
aRNA were used for the 454 sequencing and microarray. 
 
Microarray procedures 
A custom-made cDNA microarray chip SAM1.0 (GEO accession GPL2557, details 
regarding this microarray are available at 
http://www.plantgenomics.iastate.edu/maizechip/) was used. In total, 14,399 high 
confidence probes were analyzed in this experiment.  Fluorescent targets were 
synthesized and hybridized as described  (Skibbe et al., 2006). Only targets that contained 
more than 3,000 picomoles of cDNA, more than 60 picomoles of Cy dye, and more than 
one dye molecule per 50 bases were used for hybridizations. Eight biological replications 
were used for each comparison. 
Microarray analyses and qRT-PCR validation 
Each SAM1.0 slide was scanned seven times with a Pro Scan Array HT (PekinElmer, 
Wellesley, MA, USA) according to Swanson-Wagner et al., (2006) except that three scan 
sets were selected (low, medium, and high signal intensity) from the seven scanning to 
maximize the ability to detect more differentially expressed genes (Skibbe, et al., 2006). 
Data normalization, centering and statistical analysis were conducted as described 
(Ohtsu, et. al., 2007). 
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Primers spanning at least one intron of target genes were used to amplify a 100-200 bp 
amplicon when amplifying cDNA used in quantitative real-time PCR. Quantitative real-
time PCR. Real-time PCR was performed as described (Skibbe at el., 2006). A stratagene 
Mx4000 system. SYBR Green PCR master mix (Applied Biosystems) was used and PCR 
dissociation temperature is 60°C. Data analysis was performed according to Swanson-
Wagner et al. (2006). 
 
454 sequencing 
Double stranded cDNA was synthesized from 20 ug of the aRNA samples from 
dyad/tetrad stage tapetal cells from fertile (Rf2a) and sterile (rf2a) T-cytoplasm Ky21 
anthers using methods for first and second strand synthesis of the second round 
amplification. Ten micrograms of cDNA were recovered and sequenced by 454 Life 
Sciences (Margulies et al., 2005). The resulting sequence data were then processed using 
Lucy (Chou et at., 2001) to remove low quality sequences. After removing a small 
amount of E. coli contamination using SeqClean (www.tigr.org/tdb/tgi/software) as 
described (Emrich et al., 2007), a total of 191,328  and 141,846 high quality 454 tapetal 
ESTs were obtained from Rf2a and rf2a T-cytoplasm Ky21and T-cytoplasm Ky21 (rf2a), 
respectively. 
 
Analysis of 454 data 
Chi-square analysis was used to test the null hypothesis that the observed proportions of a 
reference transcript in two independent 454 sequencing runs are similar.   To generate the 
numerator of each proportion, 454 ESTs were assigned to MAGIs (Maize Assembled 
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Genomic Island, http://magi.plantgenomics.iastate.edu/,  Fu et al., 2005) via “best hit” 
criteria using either a local sequence alignment algorithm (BLAST) or a spliced 
alignment algorithm (GeneSeqer).  Test statistics for each reference MAGI was then 
determined based on a 2X2 Chi-square table, where the sum of each row equals the total 
number of 454 ESTs sampled for a given run.  Because multiple comparisons were 
performed in this approach, we used the conservative Bonferroni correction (Long et al., 
2001) prior to determining the significance required to reject the null hypothesis. 
 
Functional Annotation of ESTs 
All significantly up- or down-regulated ESTs were manually annotated and placed into 
functional categories. BLASTx searches were performed on NCBI’s non-redundant 
database and evaluated with an e-value cutoff of e-10. In addition to the e-vale cutoff, 
other related criteria including EST length, functional domains and presence of repetitive 
sequences were evaluated.  In the cases of short ESTs that could not be annotated from 
these initial BLAST searches, a longer maize sequence was identified in the MAGI 
and/or in the EST assembly database 
(http://magi.plantgenomics.iastate.edu/blast/blast_e.html). The longer sequences 
identified in this manner were then used to perform BLASTx searches. Functional 
categories were selected according to the Kyoto Encyclopedia of Genes and Genomes 
(http://www.genome.jp/kegg/) and Expert Protein Analysis System 
(http://us.expasy.org/). Additional information regarding the functional involvement of 
genes in stress, defense and PCD are given the reference sources positioned in the notes 
column of Table S1. 
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RESULTS 
Isolation of RNA from tapetal cells of T-cytoplasm plants that were un-restored (male 
sterile) or restored (fertile) via the action of Rf2a 
Microsporogenesis begins with the sporogenous mass stage followed by the meiotic 
stages (including dyad and tetrad stage) and ends with the microspore stage. Warmke and 
Lee (1977) established that cms-T sterility manifests at the early microspore stage. We 
therefore expected that we would be able to identify genes involved in fertility restoration 
by analyzing gene expression patterns in tapetal cells at the dyad/tetrad stage, which is 
immediately prior to early microspore stage. 
 
Accordingly, tapetal cells from the lower floret anthers at the dyad/tetrad stage from the 
T-cytoplasm version of the inbred line Ky21 ((T) Ky21 Rf2a/Rf2a) and the near-isogenic 
(11-12 generations) T-cytoplasm version of the Ky21 that is homozygous for the Mu-
induced rf2a-8904 mutant allele ((T) Ky21 rf2a-8904/rf2a-8904) were collected using 
LCM (Figure 1). RNA samples extracted from dissected tapetal cells were amplified 
prior to cDNA microarray analysis and 454 sequencing (Methods). On the basis of RNA 
gel electrophoresis, amplified RNA (aRNA) samples ranged in size from 0.3 to 2 kb. 
 
cDNA microarray identifies 631 differentially expressed genes  
aRNA from each of eight biological replications from (T) Ky21 Rf2a/Rf2a (fertile) and 
the (T) Ky21 rf2a-8904/rf2a-8904 (sterile) were hybridized to a custom cDNA 
microarray chip that contains 14,399 informative spots (SAM1.0, Methods). Consistent 
with the finding that rf2a transcripts can not be detected by Northern analysis from tassel 
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homozygous for the rf2a-8904 mutant (Cui et al., 1996), the rf2a gene showed the 
highest fold change (0.032), with the lowest P value (2.46e-8), among all ESTs on the 
chip. The SAM1.0 chip also contains 204 ESTs closely related to the 
nucleosome/chromatin assembly factor group D (BlastX e-value between e-30~e-60).  
185 (91%) of these 204 spots were detected as differentially expressed.  With one 
exception all are up-regulated between 1.2 to 1.4 fold. These redundant spots serve as an 
internal control and their near uniform up-regulation suggests that our microarray 
procedure is robust and repeatable. 
 
In our statistical analysis of differentially expressed genes, P values of less than 0.01 
were considered significant, which resulted in an estimated false discovery rate (FDR) of 
less than 20%. Using this criterion, 631 ESTs (excluding the 185 redundant ESTs from 
the maize nucleosome/chromatin assembly factor group D gene) were identified as 
differentially expressed (summarized in Table 1, and comprehensively listed in Table 
S1). 
 
454 transcriptome sequencing reveals 576 differentially expressed genes  
Microarrays are closed platforms. Genes that are not included on the array can not be 
studied.  To study genes that are not included on the microarray, we used 454 technology 
to sequence the tapetal cell transcriptomes of (T) Ky21 Rf2a/Rf2a (fertile) and the (T) 
Ky21 rf2a-8904/rf2a-8904 (sterile) plants (Methods). A total of 333,174 high-quality 
sequences (454-Tapetal- ESTs) were generated from the (T) Ky21 Rf2a/Rf2a (fertile) and 
the (T) Ky21 rf2a-8904/rf2a-8904 (sterile) samples (Table 1). 
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To compare the relative counts of 454-ESTs transcribed from a given gene, 454-ESTs 
were aligned either to a partial genome assembly of the maize inbred line B73 (MAGI3.1, 
Fu et al., 2005) that is estimated to cover 75-90% of maize gene space, or aligned to the 
EST sequences that are spotted on the SAM1.0 chip. A Chi-square analysis was used to 
determine if a give 454-EST anchored to MAGI or SAM1.0 containing EST were 
differentially expressed (Barbazuk et al., 2007). Comparisons of the MAGI-anchored and 
SAM1.0 EST-anchored 454-ESTs in the un-restored and restored samples comparisons 
revealed 364 and 212 statistically significant differentially expressed genes, respectively 
(Table S2 and Table S3). 
 
In our 454 sequencing of sterile and fertile tapetal cell transcriptomes, at least 97,225 out 
of the  141,846 (68.6%) 454 ESTs from the sterile tapetal transcriptome do not align to 
ESTs obtained from SAM1.0-spotted cDNAs, and at least 133,125 out of 191,328 
(69.6%) 454 ESTs from the fertile tapetal transcriptome do not align to ESTs obtained 
from SAM1.1-spotted cDNAs. This indicates that the expression patterns of about 70% 
of the tapetal transcripts had not been tested by the microarray analysis. Differentially 
expressed genes that are spotted on SAM1.0 chip and have more than a hundred 454 
sequencing reads show agreement between microarray comparison and 454 comparison 
(figure S1), which means both approaches offer accurate expression measurement. 
 
As a demonstration of 454 sequencing can detect novel transcripts in the tapetal cells, 42 
genes predicted by FGENESH (Fu et al., 2005) without prior evidence of expression 
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were expressed in tapetum (BLASTN, 1e-6). 34 of these tapetal expressed “orphans” are 
from sterile and 38 from fertile transcriptome. Only ten overlap between these two 
sources. 
 
rf2a nuclear gene affects the stability of mitochondrial T-urf13 transcripts 
The polyadenylated transcript pool that was amplified prior to microarray hybridizations 
and 454 sequencing consists mostly transcripts from the nuclear genome and to a much 
lesser extent of polyadenylated mitochondrial transcripts. Normal mitochondrial 
transcripts are not polyadenylated and would therefore not be amplified during aRNA 
preparation (Methods). However, mitochondrial transcripts undergoing degradation are 
polyadenylated and can be amplified (Carlson et al., 2007). A total of 454 T cytoplasm 
mitochondrial ORFs (longer than 100 bp) have at least one 454 sequencing read and 31 
of them are suggested to be differentially expressed in the unrestored and restored 
comparison (Table S4). 
 
The cms causal gene T-urf13 in cms-T maize encodes the 13 kD TURF13 protein (Wise 
et al., 1987), which disrupts mitochondrial function via an unknown pathway that leads to 
the failure of microspores development and male sterile. Driven by a promoter in a T-
specific 5-kb repeat region, T-urf13 is co-transcribed with orf221 that encodes an F0F1-
ATPase subunit (Heazlewood et al., 2003).  
 
Transcripts from the T-urf13 and the co-transcribed orf221 at the cms-T sterility-causing 
locus were detected in the 454-EST data set. Significantly, more frequently in the 
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restored (Rf2a) tapetal cells than in the unrestored (rf2a) tapetal cells. Considering that 
the transcripts detected by 454 sequencing are polyadenylated transcipts undergoing 
degradation, this result indicates that the presence of a functional copy of the rf2a restorer 
gene increases the degradation of T-urf13 transcripts. This is the first report that rf2a can 
affect the regulation of T-urf13. 
 
Stress-, defense- and PCD-related genes are differentially expressed in un-restored vs. 
restored tapetal cells  
Nuclear genes that were differentially regulated during rf2a-mediated fertility restoration 
were annotated according to predicted functions in the NCBI database and published 
research literature (Methods). Because it has been suggested both tapetal cell 
degeneration in normal plants and the premature tapetal cell degeneration in cms-T are 
PCD-related (Papini et al., 1999; Cheung and Wu, 2000; Balk and Leaver, 2001; Skibbe 
et al., 2007), our primary interest was focused on PCD-related genes. Several other 
functional categories also contain genes related to stress, defense and PCD. Genes in 
signal transduction, protein folding and protein degradation, respiration, transcription and 
translation category are often associated with stress, defense and PCD. In such cases, we 
cite literature that supports such relationships and included them in the percentage of 
differentially expressed stress, defense and PCD genes. In the microarray analysis, 31% 
of the differentially expressed genes can be classified as stress-, defense- and PCD-
related. In the 454 transcriptome sequencing project, 26% of the 454-anchored MAGIs 
and 40% of the 454-anchored SAM1.0-ESTs are stress, defense and PCD genes. Taken 
together, about one third of the differentially expressed genes are related to stress, 
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defense and PCD (Figure 2). The differential expression of seven out of nine selected 
genes from the stress-, defense- and PCD-related categories was confirmed via 
quantitative RT-PCR (qRT-PCR)(Table S1). 
 
Processes that are differentially regulated in rf2a-medated fertility restoration 
As the direct energy production process, 45 out of 68 (66%) of respiration-related 
differentially expressed genes are down regulated in tapetal cells from male sterile (rf2a) 
plants. In the 34 differentially expressed genes related to translation, 27 (79%) of them 
are down regulated in sterile plants. 
 
In contrast, heat shock proteins gene, genes involved in glycolysis and genes annotated as 
protease are generally up-regulated in sterile (rf2a) tapetal cells. Of the 29 annotated  heat 
shock proteins, 26 (90%) are up-regulated in sterile plans.  
 
T cytoplasm’s impact on gene expression  
cms-T plants carrying both restorer genes show normal fertility, and all other aspects of 
development appear normal. To assess the impact of T cytoplasm on transcript 
accumulation, we also conducted tapetal cell gene expression analyses between near-
isogeneic T- and N-cytoplasm versions of Ky21 (both of which are homozygous for 
functional Rf1 and Rf2a alleles). Fewer than 0.2%  of the 14,399 informative spots on 
microarray were differentially expressed (FDR > 20%, P-value < 0.00025) between the 
two genotypes. This result suggests that as expected based on the phenotypic similarity of 
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these plants, in an Rf1 Rf2a genetic background, T- vs N-cytoplasm does not have 
substantial effects on gene expression (Table S5). 
 
Impact of rf2a mutant on gene expression in normal cytoplasm 
In certain genetic backgrounds, even in normal cytoplasm, the rf2a mutation exhibits an 
anther arrest phenotype, where the development of anther in the lower florets is arrested, 
while anthers in the upper floret develop normally and produce fertile pollen (Liu et al., 
2001). To assess the impact of the rf2a restorer gene on the expression of other genes in 
normal cytoplasm plants, we conducted tapetal cell gene expression analyses on anthers 
from the lower florets. This experiment was conducted using near-isogenic normal 
cytoplasm Ky21 inbred lines that are homozygous for mutant rf2a-R213 allele. Fewer 
than 0.1% of the 14,399 informative spots on chip were differentially expressed (FDR < 
20%, P-value <0.00025). These results suggest that in normal cytoplasm, the rf2a gene 
status does not effect the expression of many genes (Table S5). 
 
DISCUSSION 
Mitochondrial-mediated PCD involved in rf2a-mediated fertility restoration 
Based on microarray hybridizations and 454 transcriptome sequencing, approximately 
one-third of the differentially expressed genes between tapetal cells of the fertility 
restored and unrestored T-cytoplasm are related to stress, defense and PCD (Figure 2). 
These results are consistent with earlier studies of the PET1 cms system in sunflower that 
directly associated cms with premature PCD (Balk and Leaver, 2001; Skibbe et al. 2007 
submitted) similarly noticed that several genes are up regulated during anther 
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development. Together these results suggested that cms-T is a consequence of premature 
PCD.  
 
Among the differentially regulated PCD-related genes, those that are involved in the 
mitochondrial permeability transition pore (MPTP)-mediated pathway are particularly 
interesting (Tsujimoto and Shimizu, 2007). The MPTP opening is considered to be the 
common pathway to induce PCD (Zamzami et al., 2005; Forte and Bernardi, 2005; 
Schinzel et al., 2005; Baines et al., 2005; Lin et al., 2006; Saviani et al., 2002). MPTPs 
are composed of adenine nucleotide translocase (ANT) located in the inner mitochondrial 
membrane and the voltage-dependent anion channel (VDAC) located in the outer 
mitochondrial membrane. The formation of the MPTP is facilitated by the binding of 
cyclophilin D (CypD) to ANT, a process induced by Ca+ pathway which involves 
calmodulin (Zamzami et al., 2005; Forte and Bernardi, 2005). Our results show that 
maize homologs of known MPTP pathway components (for example: CypD, ANT, 
VDAC and calmodulin) are differentially expressed in tapetal cells during rf2a-mediated 
fertility restoration. Significantly, ANT and VDAC are both down regulated and CypD 
and calmodulin are up regulated in T-cytoplasm rf2a sterile tapetal cells.  
 
In yeast and mammalian cells, BCL-2 family proteins are the key regulator of the MPTP-
mediated PCD pathway (Tsujimoto and Shimizu, 2007). In many cases, BCL-2 family 
proteins interact with PMTP components to regulate PCD (Tsujimoto and Shimizu, 2000; 
Rostovtseva et al., 2004, 2005; Hetz et al., 2005). The BCL-2 protein family includes 
many pro-apoptotic proteins such as BAX, BAK and BID.  
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Although BCL-2 family proteins have not been identified in plants, plants do contain 
homologs of Bax inhibitor 1. The Bax inhibitor 1 (BI-1) protein can interact with BAX 
and inhibit BAX-mediated PCD (Xu and Reed, 1998). BI-1 proteins from animals, plants 
and yeast have evolutionarily conserved PCD inhibitor function (Chae et al., 2003).  A 
Arabidopsis Bax inhibitor 1 has been shown to be a suppressor of PCD that is induced by 
transgenic mammalian BAX, ROS, pathogens and hormone stresses (Kawai-Yamada et 
al., 2004; Watanabe and Lam, 2006; Baek et al., 2007). Additionally, when expressed in 
yeast, an Arabidopsis BI-1 can suppress BAX-induced PCD (Sanchez et al., 2000). Our 
454 transcriptomes sequencing shows that the maize Bax inhibitor 1 gene is highly 
expressed in sterile tapetal cells suggesting that it is part of the cytoprotective machinery 
used by the cell to control PCD. An F1F0-ATPase proton pump, which is required for 
BAX-mediated PCD (Matsuyama et al., 1998), is down regulated in T-cytoplasm sterile 
tapetal cells. Interestingly, the F1F0-ATPase is related to cms in that the sunflower orfB 
encodes a F1F0-ATPase (Sabar et al., 2003), is related to the maize orf221 that is co-
transcribed with T-urf13 in cms-T. This additional connection between PCD and cms is 
strengthened by the observation that an F1F0-ATPase inhibitor protein is up regulated in 
the restored T-cytoplasm maize plants.  
 
Other PCD pathways involved in rf2a-mediated fertility restoration 
Translation-, protein folding- and protein degradation-related genes together comprised 
28 of the 631 differentially expressed genes in the T-cytoplasm Rf2a vs rf2a experiment. 
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Although the translation, protein folding and protein degradation gene categories are 
indeed concentrated on the microarray (they comprised about 24% of the functional 
annotated genes on microarray), the 454 transcriptomes sequencing also suggested that 
they represent the largest portion of differentially expressed genes (Figure 5).  
 
Translational control factors are known to be involved in the initiation of PCD (Talapatra 
et al., 2002; Thompson et al., 2004; Holcik and Sonenberg, 2005; Morley et al., 2005). 
The majority of differentially expressed genes in the translation category are down 
regulated in sterile tapetal cells (Figure 4 and 5) suggesting that these cells are adjusting 
their translational machinery to cope with PCD. 
 
Recent studies have suggested that glycolysis and PCD are linked (reviewed by Kim and 
Dang, 2005). For example, enolase 1 is involved in stress response and PCD (Lee et al., 
2002). Similarly, glyceraldehyde-3phosphate dehydrogenase (GAPD) interacts with 
antiapoptotic compounds (Kragten et al., 1998; Hara et al., 2005) and has pro-apoptotic 
function in yeast (Nakajima et al., 2007), especially NO-mediated PCD (Almeida et al., 
2007). In our T-cytoplasm Rf2a vs rf2a comparison, transcripts from both of these 
glycolysis-related genes are up regulated in tapetal cells of male sterile plants. 
  
rf2a can regulate the stability of T-urf13 transcripts 
In prior studies neither the transcripts of T-urf13 nor the TURF13 protein were affected 
by the nuclear rf2a gene (Dewy, et al., 1987, Kennell et al., 1987). However, in these 
experiments, only RNA or protein extracted from seedling tissues were analyzed. 
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Considering that restoration occurs in anther tissue, these previously published reports 
cannot rule out the possibility that rf2a can affect mitochondrial transcription or transcript 
accumulation in anthers. This is a particularly important point given that although T-
urf13 is expressed in many tissues, but causes deleterious effects only in anthers. In the 
current study we used 454 sequencing to recover polyadenylated transcripts that are en 
route to degradation. Fewer polyadenylated T-urf13 transcripts are detected in the tapetal 
cells of Rf2a-mediated fertility-restored (Rf2a) plants than in unrestored (rf2a) plants. 
These results suggest that rf2a affects, directly or indirectly, the degradation of T-urf13 
transcripts (Figure 3).  
 
Rf2a-mediated fertility restoration of cms-T 
Rf2a has been known as “metabolic restorer”, as compared to other PPR protein-coding 
“expression restorer”. The maize rf2a encodes a nuclear-encoded aldehyde 
dehydrogenase that is targeted to mitochondria (Cui et al., 1996; Liu et al., 2001; Liu, et 
al., 2002). The physiological substrates and pathway that RF2A involves in the fertility 
restoration of cms-T have, however, not been determined.  
 
It has been hypothesized that developing tapetal cells have higher energy requirements 
and are more vulnerable to energy crises caused by mitochondrial malfunction than other 
maize tissues (Nakashima, 1974; Warmke and Lee, 1977). Another hypothesis suggested 
the existence of an unknown “Factor X” which is specific (Flavell, 1974) to anther tissue 
and interacts with TURF13 to disrupt mitochondrial function. This hypothesis is based on 
studies on the fungal toxin, T-toxin (Braun et al., 1989). It has been shown that T-toxin 
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binds to TURF13 forming pore-forming structures and causes permeability transition of 
mitochondrial membranes (Korth et al., 1991). However, a T-toxin like factor specific to 
the anther has not been identified. Our results which suggest that T-urf13 induces male 
sterility via MPTP support the “Factor X” hypothesis. Recent studies have shown that a 
plant Bax inhibitor 1 can serve as a suppressor of PCD (Watanabe and Lam, 2006; 
Kawai-Yamada et al., 2004).  The up-regulation of the Bax inhibitor I gene in unrestored 
plants suggests that a BCL-2 pro-apoptosis protein family like gene might be involved. 
This BCL-2 pro-apoptosis protein family like gene might be a good candidate for the 
missing “Factor X”. 
 
How the Rf2a-encoded ALDH protein participates in counteracting MPTP and PCD in 
tapetum is not known. This study shows that the Bax inhibitor I gene is down regulated 
during fertility restoration suggesting that RF2A’s function eliminates the need for higher 
Bax inhibitor I expression. Its function in regulating the degradation of T-urf13 
transcripts was also observed in this study. We propose a working hypothesis for RF2A’s 
function during fertility restoration as illustrated in the Figure 6.  
 
According to this working hypothesis, in the case where the functional alleles of restorer 
rf1 and/or rf2a genes are absent, TURF13 protein interacts directly or indirectly with 
“Factor X” and initiates MPTP, which then leads to the premature degradation of tapetal 
cells and male sterility. TURF13 protein accumulation is reduced in the presence of 
functional Rf1. In addition to its hypothesized function in the elimination of PCD-
inducing ROS stress signal, such as toxic aldehydes (Tadege et al., 1999), mtALDH 
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encoded by rf2a promotes the degradation of T-urf13 transcripts via a mechanism that 
has not been defined. This hypothesis could also explain the anther arrest phenotype in 
normal cytoplasm plants that homozygous for rf2a mutant in normal cytoplasm, the 
hypothetical “Factor X “ might partially initiate a mild form of MPTP in the absence of 
TURF13, and causes PCD of tapetum in lower florets anther in certain genetic 
background. This hypothesis also predicts that the missing “Factor X” could be a BAX-
like protein in maize. 
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Figure Legends 
 
Figure 1. Laser-capture micro-dissection (LCM) of tapetal cells using a PALM. Panel A: 
Focused laser cuts the desired cells from the surrounding tissue. Panel B. Defocused laser 
catapults desired cells into the collection cap. Panel C. After LCM. 
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Figure 2. One-third of genes that are differentially expressed between T-cytoplasm Rf2a 
vs rf2a are stress-, defense- and PCD-related. The total number of differentially expressed 
genes in microarray and 454 sequencing comparison are 631 and 576, respectively. 
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Figure 3. Transcripts from the T-urf13 region detected by 454 sequencing in T-cytoplasm 
version of Ky21. 
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Figure 4. Functional categories of differentially expressed ESTs in microarray 
comparison between T-cytoplasm Rf2a vs rf2a. 
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Figure 5. Functional categories of differentially expressed ESTs in 454 sequencing 
analysis comparing T-cytoplasm Rf2a vs rf2a. 
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Figure 6.  Hypothesis on rf2a-mediated fertility restoration 
 
 
 
 
 
 
 
 
 
 
 
 
 
62 
Figure S1. The distribution of the overlapping between the 454 sequencing-detected 
differentially expressed ESTs and the microarray-detected differentially expressed ESTs. 
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ABSTRACT 
The rf2a gene, which encodes a mitochondrial aldehyde dehydrogenase (mtALDH), is 
not only a restorer gene for the maize Texas cytoplasmic male sterility (cms-T), but also a 
gene required for anther development in normal cytoplasm. The pathway for the rf2a-
mediated anther development and fertility restoration has been elusive. In this paper, we 
characterized an enhancer of rf2a, the rso gene. Functional alleles of both rf2a and rso 
genes are required for normal anther development in normal cytoplasm maize plants. The 
rf2a and rso double mutant causes male sterility and affects other aspects of reproductive 
development. The rso gene was cloned using a map-based candidate gene approach and 
encodes a maize homolog of the mammal bax inhibitor I gene which is involved in 
regulating mitochondrial-mediated programmed cell death (PCD). We hypothesize that 
the regulation of mitochondrial-mediated PCD pathway is required in normal anther 
development and rf2a restores fertility to cms-T maize by regulating this pathway. 
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INTRODUCTION 
Maize anther development is a controlled process and the disruption of this controlled 
process usually results in male sterility (Horner and Palmer, 1995). As the directly 
contacting tissue to the developing microspores, the tapetum provides nutrition for the 
developing microspores and it degenerates during the pollen maturation. This is a highly 
controlled process and its synchronization with the developing pollen is crucial and the 
desynchronization results in male sterility (Warmke and Lee, 1977). It has been shown 
that the process of degeneration of tapetum is programmed cell death (PCD) (Papini et 
al., 1999; Cheung and Wu, 2000; Balk and Leaver, 2001). 
 
Cytoplasmic male sterility (cms) is maternally inherited genetic defects disrupt 
microspore development or inhibit pollen dispersal and has been useful to study the 
anther development.  In many cases, nuclear-encoded restorer genes can restore fertility 
to cms plants. T-cytoplasm (cms-T) maize lines accumulate novel mitochondrial-encoded 
TURF13 protein that induces premature tapetal cell degeneration and thereby blocks 
pollen development. Fertility of cms-T maize lines can be restored sporophyticlly by the 
combined action of dominant alleles of both rf1 and rf2a. Rf1 alters the expression of T-
urf13 by altering the transcriptional profile and causing the reduction of TURF13 protein 
abundance by 80% (Wise et al., 1999). 
 
The rf2a gene is a nuclear restorer of T-cytoplasm (Laughnan and Gabay-Laughnan, 
1983). It was the first restorer gene to be cloned (Cui et al., 1996). Surprisingly, it 
encodes a class II mitochondrial aldehyde dehydrogenase (mtALDH) (Cui et al., 1996; 
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Liu et al., 2001; Liu and Schnable, 2002).  ALDHs are a large family of enzymes that 
catalyze the oxidation of a broad spectrum of aldehyde substrates into their corresponding 
acids. ALDHs oxidize exogenous and endogenous toxic aldehydes produced by various 
biochemical processes, including fermentation, amino acid metabolism, carbohydrate 
metabolism and lipid metabolism (Schauenstein et al., 1977; Tadege and Kuhlemeier, 
1997; Tadege et al., 1999).  In addition to its function in fertility restoration, we observed 
that the normal cytoplasm (N-cytoplasm) plants that are homozygous for mutant alleles 
of rf2a are male fertile but the anthers in their lower florets exhibit arrested development 
(Liu et al., 2001) in some genetic backgrounds. This established that rf2a is also involved 
in anther development. However, the physiologically significant substrates involved in 
rf2a-mediated fertility restoration and anther development have not been determined. 
 
Enhancer and suppressor studies are indispensable tools for dissection biological 
processes, especially those for which biochemical and molecular data are not available or 
those involving complex interactions. The rf2a conditioned anther arrest indicates that 
additional factors are also involved in the rf2a-mediated anther development.  
 
As a step towards understanding the rf2a-mediated anther development pathway, we have 
identified an allelic variant we termed rso (rf2a’s significant other) that enhances rf2a-
mediated anther arrest. N-cytoplasm plants that are homozygous for both rf2a and rso 
mutants are male sterile. Here, we report the genetic characterization rso, and using a 
candidate gene cloning approach and show it encodes a maize homolog of the 
mammalian bax inhibitor I gene, which is involved in mitochondrial-mediated 
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programmed cell death (PCD). This study indicates that rso and rf2a genes function 
through regulating PCD pathway in anther development and in combination with other 
data suggest that rf2a functions similarly during fertility restoration of cms-T. 
 
MATERIALS AND METHODS 
Plant materials and isolation of rso alleles 
Inbred lines were maintained by self pollination. The inbred line R213 carries a 
functional allele of rf1 (Rf1-Ky21) and a mutant allele of rf2a (rf2a-R213) (D. Duvick, 
personal communication). The Ky21inbred line carries a functional allele of rf1 (Rf1-
Ky21) and a functional allele of rf2a (Rf2a-Ky21). All other inbred lines used in this 
study (i.e., A619, A632, B14a, B37, B73, B77, B79, HiIIB, HiIIA, LH82, Line C, Mo17, 
N28, Oh45, Pa91, Q66, Q67, R2306 and W64A) carry a mutant allele of rf1 and a 
functional allele of rf2a.  
 
Genetic mapping of rso 
The rso allele carried by the inbred line A619 was designed rso-A619 and used for 
genetic mapping. IDP markers (Fu et al., 2006) that were polymorphic between fertile 
and sterile progeny of Cross 1 and that co-segregated with fertility status were identified. 
Cross 1:  rf2a-R213/rf2a-213; rso-A619/rso-A619 (sterile) x rf2a-R213/rf2a-213; rso-
A619/Rso-R213 (fertile) 
The male sterile and male fertile parents of Cross 1 are siblings produced following six 
generations of backcrossing rf2a-R213 and Rso-R213 into the inbred line A619 and are 
therefore nearly isogenic.  
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rso status of inbreds 
N-cytoplasm inbred lines were tested for their rso genotypes. Each line was first 
converted to homozygosity for the rf2a-R213 mutant allele. The rf2a-R213 homozygote 
were identified by using the “waxy”’ kernel phenotype conditioned by mutant alleles of 
the closely linked wx gene. Genotypes were then confirmed by PCR using the rf2a-R213 
allele-specific primers: rf2a-R213L, 5’CCTTATGGTTGGTGCCTATA3’ and 
RF2A3UTPF, 5’ATCCTCTTGTCCGCTATCTGAAAC3’; and the Rf2a allele-specific 
primers: rf2a-2061L, 5’TTTATGGTTGGTGCCTATATA3’ and RF2A3UTPF, 
5’ATCCTCTTGTCCGCTATCTGAAAC3’. Those rf2a-converted lines that remained 
male fertile were deemed to carry Rso; those that became male sterile were deemed to 
carry rso* alleles. The allelic relationships of the candidate rso* alleles were 
subsequently tested. 
 
 
Isolation of Mu transposon insertion allele of bax inhibitor I gene 
Mu insertion in the bax inhibitor I (bi1) gene were identified by screening line in a 
Robertson’s Mutator (Mu) mutagenized library containing 4,000 F2 families. PCR was 
performed to identify families have Mu inserted bi1 by using a primer (Mu-TIR: 5’ AGA 
GAA GCC AAC GCC A(AT)C GCC TC(CT) ATT TCG TC3’)  located in the highly 
conserved Mu TIRs in combination
 
with a series of bi1-specific primers. PCR 
amplification reactions were performed using a PTC-200 (MJ Research, Waltham MA) 
thermal cycler with the following conditions: denature at 94°C for one min, anneal at 
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60°C for 45 seconds and extend at 72°C for 1.5 min for 40 cycles, followed by a final 
extension at 72°C for seven min. PCR products were purified using a Qiagen (Valencia, 
CA) PCR Purification Kit (Cat. # 28104) and sequenced.  PCR reactions were performed 
using the following Bi1-specific primers: 
bi1g30f:  5’TTGGTTTACTTCGTGGCACA3’ 
bi1g934r:  5’GAGAAACTTAAGCGCGTTGG3’ 
bax1f646:  5’ GTACGACACGCAGGAGATCA3’ 
bi1g1517f: 5’CTCCCCCAAGATCCTCCACT3’ 
bilg1161r: 5’GACTCGCTCAAGAACTTCCG3’ 
bi1g2968r: 5’AAGATGAGCAGCCCGAAGTA3’ 
The resulting PCR products were purified and sequenced. 
 
Genetic mapping of maize bi1 gene 
The primers idpbi1a1f (5’ TCGGAGGACAAGAAGAGGAA 3’) and idpbi1a1r (5’ 
ATGTTCCAGCCACCAGAAAC) designed to amplify the bi1 5’ upstream region and 5’ 
UTR of the bi1 gene detect size-polymorphic PCR amplification between the B73 and 
Mo17 inbred lines. Genotyping score from 91 IBM RILs were used as input for mapping 
bi1 gene as described (Fu et al., 2006). 
 
DNA, total RNA extraction and qRT-PCR  
DNA extraction and sequencing was as described (Dietrich et al., 2002) 
RNA was isolated from about fifty anthers from lower floret at the dyad /tetrad stage 
using Trizol reagent (Invitrogen, Carlsbad, CA) according to manufacturer’s instructions. 
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qRT-PCR and data analysis were performed according to Swanson-Wagner et al. (2006) 
and Skibbe et al. (2006). 
 
Isolation of tapetal cell RNA and amplification  
The tapetal cells at the dyad /tetrad stage were collected via LCM as described (Ohtsu et 
al., 2007). Collected tapetal cells were transferred into the Extraction Buffer of the 
PicoPure RNA Isolation Kit (Arcturus, Mountain View, CA, USA) and RNA extracted 
according to manufacturer’s instructions. RNA samples were treated with RNAase-free 
DNase I (Stratagene, La Jolla, CA, USA) while on the column using the DNase 
Incubation Buffer provided with the PALM RNA Extraction Kit (P.A.L.M., Bernried, 
Germany) 
 
Microarray procedures 
A custom made cDNA microarray chip SAM1.0 (GEO platform ID: GPL2557, details 
regarding this microarray are available at 
http://www.plantgenomics.iastate.edu/maizechip/) was used. In total, 14,399 high 
confidence probes were tested in this experiment.  Fluorescent targets were synthesized 
and hybridized as described  (Skibbe et al., 2006). Only targets that contained more than 
3,000 picomoles of cDNA, more than 60 picomoles of Cy dye, and more than one dye 
molecule per 50 bases were used for hybridizations. Eight biological replications were 
used for each comparison. 
Microarray analyses and qRT-PCR validation 
Each microarray slide was scanned seven times with a Pro Scan Array HT (PekinElmer, 
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Wellesley, MA, USA) scanner according to Swanson-Wagner et al., (2006) except that 
three of the scan sets  (low, medium, and high signal intensity) were analyzed to increase 
the number of differentially expressed genes that could be detected (Skibbe, et al., 2006). 
Data normalization, centering and statistical analysis were conducted as described (Ohtsu 
et. al., 2007). 
 
Quantitative real-time PCR and data analysis were performed as described (Swanson-
Wagner et al., 2006; Ohtsu et al., 2007). 
 
Microscopic observations 
Samples for microscopic observation were prepared from a family segregating for rso-
A619 (wx rf2a-R213/wx rf2a-R213; rso-A619/rso-A619 x wx rf2a-R213/wx rf2a-R213; 
Rso-R213/rso-A619 in families 03-2040 to 03-2043). For light microscopy (LM), samples 
were collected and fixed with 3% glutaraldehyde (w/v) and 4% paraformaldehyde (w/v) 
in 0.1M cacodylate buffer, pH 7.2 for up to one month at 4°C.  Samples were rinsed 3 
times in 0.1M cacodylate buffer and then post-fixed in 1% osmium tetroxide in 0.1 M 
cacodylate buffer for 1 hour (room temp.)  The samples were rinsed in deionized distilled 
water dehydrated in a graded ethanol series, cleared with ultra-pure acetone, infiltrated 
and embedded using Spurr’s epoxy resin (Electron Microscopy Sciences, Ft. Washington, 
PA).  Resin blocks were polymerized for 48 hours at 65°C, sections (1-micrometer thick) 
were prepared using a Reichert Ultracut S ultramicrotome (Leeds Precision Instruments, 
Minneapolis, MN). Sections were stained with 1% toluidine blue in 1% sodium borate on 
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a hot plate, rinsed with distilled water, dried and cover slipped with Permount and images 
captured with an Nikon E800 camera (Nikon Co., Tokyo, Japan). 
 
RESULTS 
rso and rf2a’s  functions in anther development 
Normal cytoplasm (N-cytoplasm) plants homozygous for rf2a are male fertile but the 
anthers in their lower florets exhibit arrested development in certain genetic background 
(Liu et al., 2001). An allelic variant that enhances this phenotype was identified from a 
genetically mixed stock and termed rso-ref (rf2a’s significant other). N-cytoplasm plants 
that are homozygous for both rf2a and rso are male sterile. N-cytoplasm plants 
homozygous for rso but that carry an Rf2a allele do not exhibit any obvious phenotypic 
difference from wild-type plants, which demonstrates that rso does not by itself affect 
male or female fertility. The rso status of 22 inbreds was determined. Five (rso-A619, 
rso-B14a, rso-B77, rso-B79 and rso-Pa91) of 22 analyzed inbred lines carry rso alleles. 
An additional rso allele, sen-6050, was identified via an EMS-induced mutant screen (Liu 
and Schnable, unpublished). rso-2323 was identified from a genetically mixed stock. All 
rso alleles behave as Mendelian recessives (Table 1). The observation that T-cytoplasm 
plants homozygous for Rf1, Rf2a and rso are male fertile establishes that rso is not a 
restorer of cms-T. 
 
Anthers of rf2a rso1 double mutants first exhibit morphological differences from anthers 
of sibling plants carrying Rso during the early-microspore stage of microsporogenesis, at 
which point the cell contents of tapetal cells of rso/rso plant become lighter than those of 
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tapetal cells from Rso/rso sibling. During the mid-microspore stage the rso/rso tapetal 
cells continue to lighten but the developing microspores quickly become deformed and 
collapse and both microspores and tapetal cells degrade soon thereafter (Figure 1). The 
phenotypical expressivity varies among different rso alleles and/or background and can 
be sensitive to planting environmental conditions (Table S2 and Figure S1). 
 
Pleiotropic effects associated with the rf2a rso double mutant 
After five- to six-generations of backcrossing into the R213 inbred, all tested rso alleles 
(rso-ref, rso-A619, rso-B79 and rso-B77) show abnormalities in tassel branch 
morphology and ear development. Tassel branch length in sterile siblings is reduced to a 
proximally one-half the length of fertile siblings from the cross: rf2a-R213/rf2a-213; 
rso/rso (sterile) x rf2a-R213/rf2a-213; rso/Rso-R213 (fertile). The fact that the tassel 
branch number and the tassel branching axis length do not differ between fertile and 
sterile plants suggests that the growth of branch meristems, but not the initiation of 
branch meristems is affected by rso in a rf2a mutant background. In the double mutant, 
ear development is also arrested at an early stage, resulting in small, undeveloped ear 
shoots that fail to produce seed (Figure 2). Both pleiotropic effects are associated with 
rf2a and rso double mutant in the R213 genetic background, suggesting that crosstalk 
may exist between rf2a-mediated anther development and reproductive meristem 
development. 
 
Cloning of rso 
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As a first step towards cloning the rso gene, rso-A619 was genetically mapped. These 
experiments placed rso-A619 on chromosome 5 between IDP markers 1470 and 1623. 
The IDP1470-IDP1623 interval is ~35 cM on ISU IBM Map (Figure 3) (Fu et al., 2006).  
 
In a separate experiment we examined global patterns of gene expression in the tapetal 
cells of male sterile T-cytoplasm sterile plants (rf2a/rf2a) and that of near-isogenic male 
fertility restored T-cytoplasm plants (Rf2a/Rf2a) (Cao et al., unpublished). A maize 
homolog of the mammalian bax inhibitor 1 (bi1) gene (42% amino acid identity to human 
BI1), which is involved in regulating mitochondrial-mediated programmed cell death 
(PCD), is highly expressed in unrestored tapetal cells. The observation that the maize bi1 
maps within the IDP1470-IDP1623 interval on chromosome 5 led us to hypothesize that 
rso encodes the bi1 gene. 
 
Sequencing of the amplified bi1 gene from plants homozygous for available rso alleles 
revealed that rso-B14a contains a deletion that includes part of exon 2 and large portion 
of intron 2 related to the Bil-B73 allele (Figure 4). To confirm that rso encodes bi1, we 
screened a collection of mutagenized plants for a Mu transposon insertion the bi1 gene. 
An insertion allele, bi1-m2091, was identified that contain a Mu insertion in exon 1 
upstream of the start codon. qRT-PCR demonstrated that bi1-m2091 homozygote anthers 
accumulate only one fourth of the bil transcripts as compared to their heterozygote 
sibling (Figure S2). The bi1-m2091 allele was backcrossed into the R213 inbred. Plants 
doubly homozygous for bil-m2091 and rf2a show a clear male sterile phenotype; and 
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exhibit normal Mendelian segregation as expected (Table 1). In conclusion, these genetic 
analyses establish that rso is bi1. 
 
Global expression profiling in rso and rf2a double mutants 
To expand our understanding of the roles of rso and rf2a in normal male fertility, we 
conducted global gene expression analyses on tapetal cells of anthers from near-isogenic 
rf2a-R213/rf2a-R213; rso-A619/rso-A619 (sterile) and rf2a-R213/rf2a-R213; rso-
A619/Rso-R213 (fertile) plants. Laser-capture micro-dissection (LCM) was used to 
specifically isolate tapetal cells from plants at the dyad/tetrad stage of microspore 
development, i.e., immediately prior the first visible difference of the tapetum observed 
in rso rf2a double mutants as compared to the fertile siblings (Figure 1). RNA from 
captured tapetal cells was used for microarray analysis on a SAM1.0 cDNA chip that 
contains 14,399 informative ESTs. A total of 857 ESTs (~6% of the ESTs on the chip) 
were differentially regulated (P value <0.01, FDR < 20%) (Table S1). At least 164 (19% 
total, 10% are up regulated and 9% are down regulated) of these differentially regulated 
ESTs are stress-, defense- or PCD-related. Translation related genes and lipid metabolism 
related genes are generally down regulated in the rso rf2a double mutant. These 
microarray results suggest that N-cytoplasm plants homozygous for rso and rf2a are 
undergoing premature PCD. 
 
DISCUSSION 
rso and rf2a’s roles in anther development 
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Because most maize lines carry a functional allele of rf2a, and these lines have never (or 
only recently) been exposed to T cytoplasm, it was hypothesized that this gene must have 
been selected during evolution for a function other than fertility restoration of cms-T 
(Schnable and Wise, 1994). According to this hypothesis the rf2a gene was only recently 
recruited to serve as a restorer.  This is consistent with the observation that the levels of 
rf2a mRNA (Cui et al., 1996), RF2A protein and rf2a-encoded ALDH activity (Liu et al., 
2001) are not higher in T-cytoplasm versus N-cytoplasm maize. Analyses of near-
isogenic N-cytoplasm families that were segregating for rf2a-Mu alleles revealed that 
rf2a indeed plays a role in the development of anther independent of fertility restoration 
(Liu et al., 2001).  
 
Maize spikelets consist of an upper and lower floret, each of which typically contains 
three anthers. Although anthers in the lower floret are developmentally delayed two to 
three days relative to those in the upper floret, anthers in both florets proceed through the 
same developmental stages, and are indistinguishable at the gross anatomical level (Hsu 
et al., 1988; Hsu and Peterson, 1991).  In some genetic backgrounds (including the inbred 
line Ky21, but not R213) anthers in the upper and lower florets respond differently to 
mutations in rf2a (Liu et al., 2001). Upper florets anthers of plants homozygous for rf2a 
mutant alleles develop normally, while anther development is arrested in the lower florets 
of such plants. To help understand the role of rf2a in anther development we identified an 
enhancer mutant we termed rso that enhances this phenotype.  N-cytoplasm plants that 
are homozygous for both rf2a and rso are male sterile.  
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Anthers of rf2a rso1 double mutants exhibit their first morphological differences from 
sibling fertile anthers during the early- to mid-microspore stage of microsporogenesis, 
which is similar or slightly later than the sterility progression in T-cytoplasm which 
occurs in the early-microspore stage. Both the anther arrest phenotype and the sterility of 
rf2a rso1 double mutants suggest that even in the absence of TURF13, anther 
development in N-cytoplasm plant will undergo similar premature degradation as in the 
T-cytoplasm if certain protective pathwaies are absent. Both the rf2a restorer and its 
enhancer, rso, belong to these pathways.  
 
The fact that functional rf2a alleles are present in most maize inbred lines while 5/22 
surveyed inbred lines lack a functional rso allele suggests that the rf2a gene at least 
partially eliminates the need for a functional rso allele. Together with the observation that 
rf2a is epistatic to rso, we hypothesize that rf2a and rso might represent two parallel 
protective pathways against endogenous and exogenous mitochondrial disruptions during 
anther development (Figure 5). 
 
PCD and anther development 
In yeast and mammalian cells, BCL-2 family proteins are key regulators of the 
mitochondrial-mediated PCD pathway. The BCL-2 protein family includes pro-apoptotic 
proteins such as BAX, BAK and BID and anti-apoptotic proteins such as BCL-2 and 
BCL-xL (Reed, 2000). The BAX inhibitor 1 protein interacts with BAX and inhibits 
BAX-mediated PCD (Xu and Reed, 1998). Although BCL-2 family proteins have not 
been identified in plants, plants do contain homologs of bax inhibitor 1 and plant bax 
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inhibitor 1 proteins have evolutionarily conserved PCD inhibitor functions (Chae et al., 
2003), suggested by the research that plant BAX inhibitor 1s behave as suppressor of 
PCD induced by transgenic mammalian BAX, ROS, pathogens and hormone stresses 
(Kawi-Yamada et al., 2004; Watanabe and Lam, 2006; Baek et al., 2007) and when 
expressed in yeast, it can suppress BAX-induced PCD in yeast (Sanchez et al., 2000). 
The cloning of rso, establishes that an enhancer of rf2a’s is bax inhibitor I. This indicates 
that the mitochondrial-mediated PCD pathway plays an important role in normal anther 
development. The establishment that rso, an enhancer of rf2a, is an mitochondrial-
mediated PCD pathway regulator of anther development suggests rf2a might have similar 
role during fertility restoration of cms-T. 
 
In cms-T, the mitochondrial genome containing T-urf13 gene encodes a 13-kDa 
mitochondrial polypeptide (TURF13) (Forde and Leaver, 1980; Wise et al., 1987), that 
spans in the inner mitochondrial membrane in an oligomeric form (Dewey et al., 1987; 
Korth et al., 1991).  In T-cytoplasm maize or when expressed in other species, T-urf13 
confers sensitivity to pathogen toxins (reviewed by Wise et al., 1999) which bind to 
TURF13 (Braun et al., 1990) and thereby permeabilize the plasma membrane (Holden 
and Sze, 1987; Braun et al., 1989), resulting in cell death. How the TURF13 causes male 
sterility is not understood.  Since the TURF13 is expressed in most maize tissues but only 
causes cell death in the tapetum, it has been hypothesized that the developing tapetum has 
higher energy requirements and is more vulnerable to energy crisis caused by 
mitochondrial malfunction than are other maize tissues (Nakashima, 1974; Warmke and 
lee, 1977; Wise et al., 1999). Another hypothesis suggests the existence of an unknown 
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“Factor X” specific to anther tissue that interacts with TURF13 and disrupts 
mitochondrial function (Flavell, 1974). This hypothesis is based on the studies on a 
fungal toxin, T-toxin, that binds to TURF13 forming pores in the inner mitochondrial 
membrane thereby permeabilizing mitochondria. However, a T-toxin-like factor in 
tapetal cells has not been identified. The characterization that bax inhibitor 1 is an 
enhancer of rf2a supports the hypothesis that T-urf13 might cause mitochondrial 
permeabilization transition pore (MPTP) process and therefore supports the “Factor X” 
hypothesis. Even through the BCL-2 family protein have not been identified in plants, it 
is possible that a BAX like pro-apoptosis protein might act as a T-toxin-like protein to 
induce MPTP and therefore be a good candidate for the missing “Factor X”. 
 
We propose a working hypothesis for rso and rf2a’s functions in anther development and 
fertility restoration as illustrated in Figure 5. According to this hypothesis, when 
functional alleles of rf1 and/or rf2a gene are absent, the TURF13 protein interacts with 
Factor X and initiates MPTP leading to premature degradation of tapetal cells. Rf2a 
eliminates the PCD-inducing signal, such as toxic aldehydes (Tadege et al., 1999; 
Niknahad et al., 2003; Ka et al., 2003). In the case of the anther arrest phenotype in 
normal cytoplasm rf2a mutant, the hypothetical “Factor X” might partially initiate a mild 
form of MPTP in the absence of TURF13, which selectively causes PCD in the anther of 
lower florets in certain genetic backgrounds as suggested by the study showing the global 
gene expression difference between upper and lower florets (Skibbe, et al., 2006). In 
upper florets and in most genetic backgrounds, the rso-encoded BAX inhibitor 1 blocks 
MPTP-induced PCD. In the case of a rf2a and rso double mutant, both endogenous ROS 
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stress and the mild MPTP induced by “Factor X” is not suppressed leading to premature 
PCD of tapetal cells  and male sterility.  
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Figure 1. rso and rf2a induced sterility in N-cytoplasm occurs at the early- to mid-
microspore stage. Microsporogenesis appears normal in the rso rf2a double mutant until 
the early- mid-microspore stage. Subsequently, microspores and tapetal cells collapse 
prematurely. A, B and C are early-, mid- and late- microspore stage of fertile plants (Rso-
R213/rso-ref; rf2a-R213/rf2a-R213). D, E and F are early-, mid- and post-mid- 
microspore stage of sterile plants (rso-ref/rso-ref; rf2a-R213/rf2a-R213). 
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Figure 2. Tassel morphology (Panel A) and female sterility (Panel B) in rso rf2a double 
mutant in N-cytoplasm R213 inbred background. Panel A: Tassel on left is fertile (Rso-
R213/rso-A619; rf2a-R213/rf2a-R213). Tassel on right is sterile double mutant (rso-
A619/rso-A619; rf2a-R213/rf2a-R213). Panel B: On left are three ears (controlled-
pollinated and open-pollinated) from fertile plants (Rso-R213/rso-A619; rf2a-R213/rf2a-
R213). On right are three ears (controlled-pollinated and open-pollinated) are from 
double mutant plants (rso-A619/rso-A619; rf2a-R213/rf2a-R213)  
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Figure 3. Genetic mapping of rso-A619. rso-A619 maps between IDP markers 1470 and 
1623 on chromosome 5 (left diagram).  22 ESTs have been genetically mapped to this 
interval (middle diagram, Fu et al., 2006).  The 15 of the maize genes those homologs are 
present in the syntenic region of rice chromosome 2 are indicated in bold.   The positions 
within the syntenic region of rice chromosome 2 of the rice homologs of maize genes are 
shown in the left diagram. 
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Figure 4. Structure of the bax inhibitor 1 gene (MAGI3_44335) and lesions associated 
with the rso-B14a and bi-m2091 alleles. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
109 
Figure 5. Hypothesis on the roles of rf2a and rso in anther development and in rf2a-
mediated fertility restoration. 
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Figure S1. Different rso alleles conditioned sterility phenotype in different backgrounds. 
Sterile plants have genotype: rso/rso; rf2a/rf2a. Fertile plants have genotype: Rso-
R213/rso; rf2a/rf2a. 
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Figure S2. Quantitative real-time PCR for the bi1 gene in the anther of wild-type and 
mutant triplicate. The box-plot shows that bi1-m2091/Bi1-R213 accumulate 3.8 times 
more bi1 transcripts the bi1-m2091/bi1-m2091 double mutants. The error bars indicate 
the lowest and highest fold change value. Fold change is relative to internal control gene 
(human H2 gene, Methods). Statistical analysis is based on 2-Ct method (Livak et al., 
2001). 
 
 
 
 
112 
 
113 
 
 
 
 
 
 
 
 
 
 
114 
 
 
 
 
115 
 
 
 
 
116 
 
 
 
 
117 
 
 
 
 
118 
 
 
 
 
119 
 
 
 
 
120 
 
 
 
 
121 
 
 
 
 
122 
 
 
 
 
123 
 
 
 
 
124 
 
 
 
 
125 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
126 
 
 127
 
CHAPTER 4.  GENERAL CONCLUSIONS 
 
Cytoplasmic male sterility (cms) and nuclear fertility restoration systems have been 
characterized during the past decades (reviewed by Chase, 2007, Hanson and Bentolila, 
2004, Wise et al., 1999; Schnable and Wise, 1998; Laughnan and Gabay-Laughnan, 1983). 
However, our understanding of the underlying mechanism of how the novel mitochondrial 
open reading frames (mtORFs) associated with many of cms systems condition male sterility 
and how the nuclear fertility restorer genes affect the expression or stability of these mtORFs 
is still very limited. Two major reasons have hampered our understanding of cms. 
 
The first limitation is the limited number cloned restorer genes. Only two types of restorer 
genes have been isolated: one gene that encodes a metabolic enzyme and a second group of 
genes that encode pentratricopeptide repeat (PPR) proteins. The former is the maize rf2a 
which encodes an aldehyde dehydrogenase targeted to mitochondria (Cui et al., 1996; Liu et 
al., 2001). The second type includes restorers from petunia (Rf-PPR592) (Bentolila et al., 
2003), radish (orf687 and Rfo) (Brown et al., 2003; Desloire et al., 2003; Koizuka et al., 
2003) and rice (Rf-1) (Kazama and Toriyama, 2003; Komori et al., 2003).  PPR restorers 
function by decreasing the expression of the cms-inducing mtORFs. The direct isolation of 
proteins encoded by this type of restorers and their in vitro activity analysis have not been 
performed in any cases. Although maize RF2A protein’s in vitro activity has been tested and 
it is know that the aldehyde dehydrogenase activity is required in fertility restoration (Liu et 
al., 2001), the molecular mechanism associated with fertility restoration is not understood. 
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Identification of additional restorer genes and related genes will shed light on our 
understanding of cms and fertility restoration. 
 
The second limitation is that cell type specific analysis of cms related gene expression has 
not been conducted. The restoration events happen in specific reproductive tissue. In cms-T, 
the T-urf13 gene expresses in many maize tissues but only cause deleterious effect in anther 
tissue, especially in the tapetal cells. All the prior published cms expression studies have not 
used tapetal cells. Conclusions based on such studies need to revisited using specific cms-
related cell type analysis. 
 
My research was aimed at lifting these limitations. First we used laser-capture microdissected 
combined with microarray and 454 sequencing to analyze global gene expression patterns in 
tapetal cells from T-cytoplasm plants that were unrestored (male sterile) or restored (fertile) 
via the action of Rf2a. These experiments revealed that many of the differentially regulated 
genes are involved in stress, defense and programmed cell death (PCD) pathway, which 
suggests a general role of stress-induced PCD in rf2a-mediated fertility restoration. 454 
sequencing of the tapetal cell transcriptome also revealed that the degradation of 
mitochondrial T-urf13 gene is affected by the nuclear rf2a gene. 
 
To expand out knowledge about the first type of restorer gene, the “metabolic restorer”, we 
characterized and cloned an enhancer gene of rf2, rso gene. We showed that both functional 
rf2a and rso genes are required for normal anther development. Double mutant in rf2a and 
rso cause male sterility and affect other aspects of reproductive development.  We cloned rso 
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gene using a map-based candidate gene cloning approach. Our results show rso encodes a 
maize homologue of the mammal bax inhibitor I gene which is involved in regulating 
mitochondrial-mediated programmed cell death. We suggest that rf2a restores fertility to 
cms-T maize through regulating a mitochondrial-mediated PCD pathway that is also required 
in normal anther development. 
 
To summarize our findings in these studies, we propose a working hypothesis about rso and 
rf2a’s function in the anther development and fertility restoration as illustrated in the Figure 
1. According to this hypothesis, TURF13 protein interacts with Factor X and initiates MPTP 
and then leads to the premature degradation of tapetal cells in cms-T maize. The functional 
alleles of two restorers, Rf1 and Rf2a, act jointly to reduce TURF13 protein and negate its 
effects. Rf1 reduces the accumulation of TURF13 proteins. The Rf2a, encoded by mtALDH, 
has double roles in offseting the TURF13’s effect. On one hand, it eliminates the PCD-
inducing ROS stress signal, such as toxic aldehydes.  On the other hand, it promotes the 
degradation of T-urf13 transcripts via an unknown pathway. In the case of the anther arrest 
phenotype in rf2a mutants in normal cytoplasm, the hypothetical Factor X might partially 
initiate a mild form of MPTP in the absent of TURF13, which selectively causes PCD in the 
anther of lower florets in certain genetic background. In upper florets and most genetic 
background, BI1 blocks the MPTP-induced PCD. In the case of rf2a and rso double mutant, 
both endogenous ROS stress and the mild MPTP induced by Factor X are not suppressed and 
their progression leads to premature PCD in tapetal cells and causes the sterile phonotype.  
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Figure 1 Hypothesis on the roles of rf2a and rso in anther development and in rf2a-mediated 
fertility restoration 
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APPENDIX. REVERSE GENETIC ANALYSIS OF MAIZE CINNMALY 
ALCOHOL DEHYDROGENASE 2 GENE 
 
ABSTRACT 
The maize cinnamyl-alcohol dehydrogenase 2 cDNA (cad2, GI:3097280) maps to the 
genetic interval defined by rso mapping experiments (Halpin et al., 1998; Cao and 
Schnable, unpublished). As an early candidate for being the rso gene, the maize cad2 was 
analyzed using a reverse genetic approach. Two alleles that contain Mutator insertions in 
the protein coding region of the cad2 gene were isolated and analyzed. It has previously 
been established that a mutant of brown midrib 1 (bm1) reduces CAD activity (Halpin et 
al., 1998). Both of the cad2-Mu alleles isolated in the current study condition a brown 
midrib phenotype, and were subsequently shown to be allelic to the bm1-ref allele. This 
result establishes that bm1 encodes cad2. However, N-cytoplasm cad2 and rf2a double 
mutants are male fertile. This result allowed us to reject the hypothesis that the rso gene 
is cad2. 
RESULTS 
The maize cad2 gene (the 7229 bp cad2 genomic sequence consists of three fragments: 1-
2819 are from position 144-2964 of MAGI4_132939, 2820-4102 are from 60-1342 of 
MAGI4_137328 and 4103-7229 are from 1-3128 of MAGI4_137328) was mapped using 
primers IDPcad2f (5'-GT G ACA TGC AGT TTC AGC GT-3') and IDPcad2br (5'-GCA 
AAA GTA TCA GTT ATT AT-3') to the IDP1470-IDP1623 interval of chromosome 5 
that contains the rso locus. Mapping scores are listed in Table 1. 
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Sequencing cad2 candidate TUSC (Trait Utility System for Corn, Bensen et al., 1995) 
alleles identified two alleles that contain Mutator element insertion in the protein coding 
region of the cad2 gene (exons 1 and 4, respectively). The cad2 gene PCR-amplified 
from plants homozygous for the bm1-ref allele was also sequenced. This experiment 
established that the bm1-ref allele contains a 2 base pair (AC) insertion in exon 2 of cad2 
causing a frameshift in the coding sequence (Figure 1).  
 
Both cad2-Mu alleles cause a brown midrib phenotype when homozygous (Figure 2). 
Allelism test also show that cad2-Mu/bm1-ref heterozygotes exhibit a brown midrib 
phenotype. However, for neither of the cad2-Mu alleles, does the cad2, rf2a double 
mutant affect male fertility in the R213 background. This is also the case for bm1-ref and 
rf2a-R213 double mutants. These results falsify the hypothesis that the rso gene is cad2. 
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Figure 1. cad2 gene structure. Large triangles show the two Mu-insertional alleles and 
small triangle shows the 2 bp  (AC) insertion in the bm1-ref allele. The numbers indicate 
the cad2 genomic sequence position related to MAGI4 sequences described in the text. 
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Figure 2. Brown midrib phenotype of the cad2 and bm1 genes. Panels A, B and C show 
leaves of plants homozygous for cad2-mu1971 (05-2102), cad2-mu1972 (05-2103) and 
bm1-ref (05-2133), respectively. 
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Table 1. Genetic mapping results for cad2 
 
MAGI ID Mapping data in 91 IBM IRILs 
1
  
2112112122222211212211112212221111111112122221222211 MAGI4_132939 
121111211112122121221211112121112221121 
1
 91 IBM IRILs as described by Fu et al., 2006 
 
 
 
